As gold clusters increase in size, the preferred structure changes from planar to three-dimensional and, for anionic clusters, Au n − , the two-dimensional͑2D͒ → three-dimensional ͑3D͒ transition is found experimentally to occur between n = 11 and n = 12. Most density functionals predict that planar structures are preferred up to higher n than is observed experimentally, an exception being the local spin density approximation. Here we test four relatively new functionals for this feature, in particular, M05, M06-L, M06, and SOGGA. We find that M06-L, M06, and SOGGA all predict the 2D → 3D transition at the correct value of n. Since the M06-L and M06 functionals have previously been shown to be reasonably accurate for transition metal bond energies, main group atomization energies, barrier heights, and noncovalent interaction energies, and, since they are here shown to perform well for the s-d excitation energy and ionization potential of Au atoms and for the size of Au n − clusters at which the 2D → 3D transition occurs, they are recommended for simulating processes catalyzed by gold clusters.
I. INTRODUCTION
Bulk gold is the most noble metal, but supported gold nanoparticles are reactive and have intriguing catalytic power. [1] [2] [3] [4] [5] [6] [7] For this reason, as well as for potential biological and nanotechnological applications, recent years have seen tremendous interest in the structure of gold clusters and nanoparticles. Anionic clusters with an even number of electrons seem to have the most catalytic activity. 56 A particularly fascinating structural characteristic is that ion mobility experiments show Au n − clusters up to n =11 to be planar, whereas for n Ն 13 they have three-dimensional structures; the original experimental results were not definitive for n = 12, for which there appear two low-lying structures, one planar and one 3D. 57 Photoelectron spectroscopy 58 also found evidence for multiple isomers with n = 12, but concluded that the two-dimensional ͑2D͒-to-3D transition occurs between n = 12 and n = 13. Electron diffraction experiments 59 are consistent with a planar structure for n = 11, with a 54:46 mix of 2D and 3D structures for n = 12, with a 20:80 mixture of 2D and 3D structures for n = 13, and with 3D structures for n Ն 14. A subsequent improved electron diffraction study 53 with an extended range of electron momentum transfer and a lower temperature yielded a planar structure for Au 11 − and 3D structures for Au 12 − and Au 13 − . This is the most reliable experimental determination available and it was used 53 ͑as discussed below͒ to judge the quality of six density functionals; it will be used to judge the quality of four more density functionals in the present article. The intrinsic properties of the clusters are important because simulations have shown that for supported clusters, 2D islands are more catalytically active than adsorbed 3D structures. 60 The 3D transition at n = 12 is a surprisingly high value of n, e.g., neutral 21, 24 and cationic 61, 62 gold clusters become 3D at n Ϸ 8, cationic Ag clusters are 3D already at n =5, 63 and neutral Al clusters are 3D already at n =4 ͑Ref. 64͒ and anionic Ag, Cu, and Na clusters are also 3D at n =7. 65 Several groups 10, 24, 25, 36, 39, 57, 59, 65 speculated that relativistic lowering of the s orbital energies in Au may increase the likelihood of sd m hybrid orbitals and that this may favor more directional and lower-coordination bonding as in the planar structures, in contrast with highly delocalized highcoordination bonding in more compact structures. Predicting the transition to 3D structures at n = 12 is a challenge for density functional theory. Häkkinen et al. 65 carried out calculations with the PBE ͑Ref. 66͒ functional and found that Au 7 − is calculated to be planar, whereas PBE makes both Cu 7 − and Ag 7 − 3D. Furche et al. 57 employed the BP86 67,68 functional and found planar structures for Au n − up to n =15 ͑the highest n they considered͒. Another example of density functional theory predicting overly stable planar gold clusters is provided by the calculations of Landon et al. 19 and Fa et al. 25 on neutral Au n ; they found that the PW91 ͑Ref. 69͒ functional predicts the 2D → 3D transition between n = 13 and n =15 ͓recall that for neutral clusters the transition occurs at n Ϸ 8 ͑Ref. 21͔͒. Recently Johansson et al. 53 made a careful study of Au n − for n = 11-13, in which they included a relativistic effective core potential to include scalar relativistic effects, spin-orbital coupling ͑which is a vector relativistic effect͒, a correction for correlating the core ͑the core is not correlated directly when one uses an effective core potential͒, zero-point vibrational energy, and thermal vibrationala͒ Electronic mail: truhlar@umn.edu. THE JOURNAL OF CHEMICAL PHYSICS 131, 064706 ͑2009͒ rotational contributions. Including these "corrections," they showed that the BP86 and PBE functionals predict 2D structures for n = 11-13; the PBEsol, 70 TPSS, 71 and TPSSh ͑Ref. 72͒ functionals predict 2D is lowest for n = 11 and 12 but 3D is lowest for n = 13; LSDA 73, 74 predicts that 2D is lowest for n = 11 and 3D is lowest for n = 12 and 13. Thus the LSDA functional leads to the best agreement with experiment and the PBEsol, TPSS, and TPSSh functionals predict the transition value of n to be only one atom higher than experiment ͑n = 13 versus n =12͒. The authors did not explain the success of LSDA but they concluded that the good performance of PBEsol may be due to the PBEsol parametrization 70 and SOGGA ͑Ref. 79͒ functionals for Au n − with n = 11-13.
II. CALCULATIONS
We use the same basis set ͓7s5p3d1f ͑Ref. 61, 62, and 80͔͒ and relativistic effective core potential ͓SDD ͑Ref. 81͔͒ as Johansson et al. 53 The effective core potential replaces the shells with principal quantum numbers 1-4 ͑with 60 electrons͒ and treats the remaining 19 electrons ͑11 valence electrons plus the outer-core 5s and 5p electrons͒ explicitly. All geometries are optimized consistently ͑in contrast with Johansson et al. 53 who used TPSS geometries for all density functionals͒. All calculations include the correction terms of Ref. 53 , which are summarized in the Introduction. ͓We did recalculate the relative zero point energy with the new functionals considered here in several cases and found only small differences, typically 0.001-0.002 eV, therefore we elected to follow Johansson et al. and use the same set of correction values for all functionals so that the tabulated relative energies directly reflect electronic energy differences ͑including nuclear repulsion as usual͒.͔ All calculations were carried out with an ultrafine grid using a locally modified version 82 of the GAUSSIAN03 ͑Ref. 83͒ program. A spin multiplicity of 1 is used for Au 11 − and Au 13 − clusters and 2 is used for Au 12 − clusters.
III. RESULTS AND PRELIMINARY DISCUSSION
We label the structures as in Ref. 53 . Table I gives the relative energies, referenced for each n to the structure that best fits the experimental data and that best-fit structure is listed first. A functional that predicts the dimensionality in agreement with experiment for every n would therefore give positive values for structures 11-II, 11-III, 12-II, and 13-III with zero for 11-I and 12-I and zero or either sign for structures 13-II and 13-I. The table shows that the LSDA, M06-L, M06, and SOGGA functionals predict the correct dimensionality in all three cases, PBEsol, TPSS, TPSSh, and M05 predict it correctly for two cases ͑n = 11 and either n =12 or 13͒, and BP86 and PBE predict it correctly for only one case ͑n =11͒.
Accurate prediction of atomic s → d excitation energies ͑⌬E͒ is an important factor in the reliability of a density functional for a transition metal. In particular, the s → d excitation energy may be very important for predicting the right 2D → 3D transition size of highly relativistic Au clusters because the magnitude of this orbital energy gap is directly related to the tendency to form sd m hybrid orbitals and the tendency to form such orbitals may be directly related to the geometrical preferences for the coordination geometry of a Au atom. 65 Table II compares the s → d excitation energies of a single gold atom as predicted by the various density functionals we considered ͑the table also shows results for the popular B3LYP functional͒. Time-dependent DFT within the linear response approximation [84] [85] [86] was used for the excitation energies. Table II shows that LSDA, the generalized gradient approximations ͑GGAs͒ ͑BP86, PBE, PBEsol, and SOGGA͒, the popular B3LYP, the metafunctional TPSS, and The number above each functional denotes the rung on Jacob's ladder of density functionals.
the hybrid meta functional TPSSh all seriously underestimate the s → d excitation energy, but the hybrid metafunctionals M05, M06-L, and M06 predict it reasonably accurately. Unfortunately, s → d excitation energy alone does not correlate well with the success or failure of the various density functionals to predict the n value of the 2D → 3D transition; for example, M05 predicts the excitation energy more accurately than SOGGA, but SOGGA predicts the transition n value more accurately. Nevertheless, we can have more confidence in a functional that predicts both correctly. The ionization potential ͑IP͒ is another important quantity that should be predicted correctly if one is to obtain reliable predictions of other properties for the right reason ͑rather than by cancellation of errors͒ and it is also a good check because it is sensitive to the relativistic effects that have a large effect on the properties of gold. 87, 88 ͑Relativistic effects increase the d orbital energy and decrease the s orbital energy; 88 this makes it easier to form hybrid orbitals.͒ Table II shows that several functionals ͑PBE, SOGGA, B3LYP, TPSS, TPSSh, M06-L, and M06͒ predict the IP within 0.3 eV ͑it was checked separately than the spin-orbit effect on the IP is negligible͒. Only M06-L and M06, however, are able to predict ⌬E within 0.1 eV and the IP within 0.3 eV. Note that there is an anticorrelation between the values of ⌬E and IP in that when the predicted ⌬E increases, the predicted IP tends to decrease. This seems to indicate that most functionals situate the d orbitals at roughly the same energy, but the energy of the s orbital ͑equal to minus the IP͒ varies significantly depending on the functional. Table I also gives the classification of the functionals according to the rungs of Jacob's ladder. The rungs of the ladder indicate the variables upon which the exchangecorrelation functional F depends. 89 On rung 1, F depends on local spin densities. On rung 2, F also depends on the reduced gradients, s , of these spin densities; such functionals are called GGAs. In the rung-3 functionals considered here, one adds dependence on the local spin kinetic energy densities; functionals on this rung will be called metafunctionals. On rung 4, one adds some nonlocal exchange. The three functionals considered here that are on rung 4 are TPSSh, M05, and M06, and since they depend on spin kinetic energy density as well as Hartree-Fock exchange, we call them hybrid metafunctionals. To put the new results in perspective, we next discuss the performance of the functionals in the order in which they appear in Table I .
IV. FURTHER DISCUSSION
The LSDA performs remarkably well, considering its antiquity and simplicity. It has long been known though that the LSDA is more accurate for geometries than for energies 90 and that the LSDA is not a satisfactory functional for considering the energetics of transition metal systems. [91] [92] [93] [94] BP86 and PBE are GGAs that are widely used for organometallic chemistry and solid-state physics, respectively. These functionals improve on the energetics of bond energies as compared to LSDA. For example, with a triple-zeta quality basis set the mean error averaged over databases of bond energies for transition metal dimers and bonds of transition metals to nonmetallic ligands are 1.25 eV for LSDA and 0.43 eV for BP86 and PBE. 93 However, as pointed out previously, 53 BP86 and PBE predict planar structures for all three cases and therefore miss the 2D → 3D transition. The PBEsol functional was obtained by empirically changing two parameters in the PBE functional, one to fit jellium surface energies and the other to enforce the correct second-order dependence of exchange energy on s ͑but not the correct second-order behavior of the whole exchange-correlation energy͒. Table I shows that PBEsol correctly predicts that Au 13 − has a 3D structure but incorrectly predicts the dimensionality for Au 12 − . However it has been shown that for main-group atomization energies PBEsol increases the mean unsigned error per bond from 0.13 eV for PBE to 0.31 eV, so it might not be a good choice for modeling catalysis.
As compared to PBE, TPSS reduces the mean unsigned error for transition-metal bond energies to 0.30 eV ͑Ref. 93͒ and it reduces the mean unsigned error for main group atomization energies to 0.05 eV; 79 Table I shows that like PBEsol it predicts the 2D → 3D transition only one unit of n too late. TPSSh substitutes 10% of the TPSS exchange by nonlocal Hartree-Fock exchange. Since 10% is a fairly small change, the functional is very similar to TPSS, with the mean errors for transition-metal bond energies and main-group atomization energies ͑which are always given on a per bond basis͒ changing to 0.36 ͑Ref. 93͒ and 0.04 eV, 95 respectively. TPSSh gives results very similar to those for TPSS in Table I .
Next we discuss the new results of the present article in chronological order of the development of the four functionals. The M05 functional was developed 76 as the first functional to be simultaneously reasonably accurate for transition-metal bond energies, main-group atomization energies, barrier heights, and noncovalent interaction energies. The former two errors are 0.27 ͑Ref. 96͒ and 0.04 eV ͑Ref. 76͒ and the mean unsigned error in barrier heights is 0.11 eV. 97 The barrier height error may be compared to barrier height errors of 0.63 eV for LSDA, 0.37 eV for BP86, 0.36 eV for PBE and PBEsol, 0.35 eV for TPSS, and 0.28 eV 
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for TPSSh. 97 On the basis of these comparisons, M05 would be a good functional for transition metal catalysis. M05 is a hybrid metafunctional like TPSSh, but it has 28% HartreeFock exchange. Table I shows performance roughly comparable to TPSSh for Au n − . The M06-L functional 77 is a step back down to rung 3. The reason for this is that functionals on rungs 1-3 are much more economical ͑in terms of computer resources͒ for calculations on extended systems like solids or very large molecules. M06-L has mean unsigned errors of 0.22, 77 0.04, 77 and 0.17 eV ͑Ref. 97͒ for transition-metal bond energies, main-group atomization energies, and barrier heights, respectively. Table I shows that it also correctly predicts the dimensionality of all three Au n − clusters. Having improved the functional form of the exchange functional during the design of M06-L, we returned to rung 4 and incorporated this improved form, thereby replacing M05 with M06.
78 M06 has mean unsigned errors of 0.22, 78 0.02, 78 and 0.10 eV ͑Ref. 97͒ for transition-metal bond energies, main-group atomization energies, and barrier heights, respectively, and it performs better than any other functional mentioned in this article for noncovalent interactions. 78 Table I again shows correct predictions of the dimensionality for all three Au n − clusters. Clearly either M06-L or M06 would be a good choice of functional for studying gold catalysis.
Finally we consider SOGGA. Whereas M05, M06-L, and M06 were designed with the goal of making a broadly successful functional, SOGGA-like PBEsol-was designed with a more specialized objective. Other differences from the M05, M06-L, and M06 functionals are that SOGGA is on rung 2 and it has no fitting parameters. Whereas PBEsol has two fitting parameters, SOGGA-like PBE-has none. SOGGA has a functional form similar to PBE and PBEsol, but the form is constrained theoretically to have the whole exchange-correlation energy depend correctly on s through second order. 79 SOGGA leads to mean unsigned errors of 0.32 ͑Ref. 79͒ and 0.45 eV ͑Ref. 97͒ for main-group atomization energies and barrier heights and it was not designed to be used for calculating such quantities. It is interesting though that SOGGA performs 20% better than PBEsol for the lattice constants of 18 test solids for which PBEsol had been previously tested and it also performed 10% better for the geometry of hypervalent SF 6 , a factor of 2 better for the lattice constants of two phases of PbTi0 3 , and 7% better for the lattice constants of graphite and graphitic BN. The good accuracy for geometric predictions correlates well with the fact that Table I shows excellent performance for predicting the dimensionality of Au n − . Although SOGGA is not recommended in comparison to M06-L and M06, it does perform better than PBEsol, although it is equally simple ͑rung 2͒ and has no parameters determined by fitting.
LSDA performs much worse than PBEsol, TPSS, and TPSSh for the jellium surface energy and M06-L, M06, and SOGGA have not been tested for the jellium surface but probably do not do as well for that property as PBEsol, TPSS, and TPSSh do. Yet LSDA, M06-L, M06, and SOGGA do better than these functionals for predicting the 2D → 3D transition in Au n − . This casts doubt on the hypothesis that the partial success of PBEsol, TPSS, and TPSSh follow from the relatively accurate jellium surface energies of these functionals. The performance of the different functionals for properties of the gold atom such as s → d excitation energies and IP also do not show a clear correlation with the right prediction of the 2D → 3D transition.
V. SUMMARY AND CONCLUSIONS
We tested four recent density functionals developed in our group for the 2D → 3D transition of the most stable anionic clusters, Au n − , as a function of their size and for two properties of gold atoms. The 2D → 3D transition is found experimentally to occur between n = 11 and n = 12 and we find that M06-L, M06, and SOGGA are the only functionals of those tested so far besides LSDA ͑which is known to be too inaccurate for modeling most chemical properties͒ that predict the 2D → 3D transition at the correct value of n. The prediction of the right transition size does not correlate with the s → d excitation energy of the gold atom, as had been expected based on arguments of the importance of sd m hybridization to the 2D → 3D transition. Also, it is doubtful that the previously reported partial success of the PBEsol, TPSS, and TPSSh density functionals is due to their good performance on jellium surface energies. The accurate prediction of the 2D → 3D transition size of Au clusters apparently results from a subtle interplay of energetic effects and there is no simple way to design density functionals that get this right. It is encouraging therefore that the M06-L and M06 functionals, which have been very successful for many transition metal bond energies and reaction energies, as well as for main group chemistry, perform well for the s → d excitation energy and the IP of gold atoms and for the cluster size at which the 2D → 3D transition of anionic clusters occurs. Based on this good performance, the M06-L and M06 density functionals are recommended for simulating processes catalyzed by gold clusters.
